Low order moments of the alpha dynamo equations in a geophysical regime are related to the dependent variables in a reversing disk dynamo. The link suggests that nonperiodic reversal is an intrinsic feature of the alpha dynamo equations provided the forcing is vigorous and the toroidal and poloidal magnetic fields are sufficiently out of phase. The nonuniformities in reversal frequency are then attributable to subcritical instability. Crane (1) has suggested that anisotropic screening of an internal randomly oriented dipole may be responsible for geomagnetic reversal. Although the configuration he describes produces an interesting magnetic distribution, there is no evidence to support the existence of the large scale random dipole or the screening effect, and such an analysis does not clarify the hydromagnetic origins of reversal. A more suitable approach to reversal mechanism may be found directly from the dynamic equations. Despite some stringent asymmetry requirements for field maintenance in fluid or homogeneous dynamos, it is now believed that dynamo action can occur in most systems where the velocity field is sufficiently vigorous and complex. Unfortunately these conditions are not easily amenable to analysis.
where the form of G depends on the nature of the underlying fields. For the alpha dynamo, G(B) = V X aB where a measures the helicity of the flow. In the mean field description, Cowling-type asymmetry restrictions need not be imposed on the large scale fields. An alternative procedure of averaging over nearly axially symmetric systems has been proposed by Braginsky (5) , and extended by Tough and Roberts (6) with similar results.
It is not our purpose to establish the validity of the mean field equations for the earth (a difficult problem) but rather to explore the relationship of these equations to reversal. Parker (7) and Levy (8, 9) have proposed a kinematic mean field model of reversal due to time fluctuations in the position of a distribution of cyclonic convective eddies. The dynamics of reversal can also be studied via the mean field equations. Our program is to select low order moments of these equations to represent the qualitative features of large scale interaction. These averages will satisfy equations containing higher order moments. A geophysically consistent closure can then be made yielding a model of the time dependence of the large scale averages. The 4297 closure and reversal mechanism are based on the dynamics of a reversing disk dynamo described below. The disk dynamo The reversing disk dynamo (Fig. 1) resembles the self excited dynamos studied by Bullard (10) . A conducting disk is rotated by a constant external torque, T. The angular velocity of the disk, w, is proportional to the angular momentum. A magnetic field normal to the disk will produce a radial electromotive force. The current, I, flowing in the disk is removed by a uniform ring of collecting brushes and fed to a load consisting of a shunt and a coil aligned to produce a magnetic field normal to the disk. The interaction of the disk current and the normal magnetic field, in turn, induces a back reactance opposing the motion. The field associated with the current in the disk is antisymmetric with respect to the disk as are quadrupole-type toroidal fields. J, the current flowing in the coil, produces a dipole-like field which corresponds to the poloidal field in a homogeneous dynamo. A reversal is said to occur when the current, J, changes direction. Malkus (11) (12) obtained and studied the equations (corresponding to L, = 0 in the above set) as the maximum simplification of the dynamic equations for atmospheric convection derived by Saltzman (13 For T sufficiently large, nonperiodic reversals predominate when both LC/Rc > Ls/Rs and Lb/Rb > Ls/RS. As T is increased several subcritical transitions occur. For small values of T, the steady zero field solution is absolutely stable, that is, all other solutions approach it. When T reaches a critical value the first transition occurs-the zero field state loses stability and two steady stable solutions (the cells) come into existence. All other solutions eventually approach one of the three steady solutions. The second transition occurs when two unstable periodic solutions come into existence. Almost all other solutions eventually approach the steady cell solutions. Above the third transition point, persistent nonperiodic solutions coexist with the linearly stable cell solutions. A time plot of the poloidal field with T slightly above the third transition point is shown in Fig.  2 . The pronounced nonuniformity in the number of oscillations between reversals results from the presence of the unstable periodic solutions which arose on the second transition. At the fourth transition, the cell solutions coalesce with the unstable periodic solutions and lose stability. A complete stability analysis is found in Robbins (16) and will be published elsewhere. When the friction, v, is zero, the zero field solution no longer exists but the other transition behavior is similar.
In the nonperiodic regime, induction (L, and Lb) and the alpha effect (R,) are sufficient to encounter ohmic loss. The basic energy transfer mechanism is the aw interaction believed prominent in the earth. Energy for the toroidal field is supplied by the stretching of poloidal field lines, through the rotation of the conducting disk. The shunt resistance has the role of ax in providing a mechanism for energy transfer to the poloidal field and reversals can occur during a multistage oscillation.
When the toroidal and poloidal fields are in phase, the Lorentz force opposes the torque, T, and can reverse the direction of the disk if the fields are large. Distortion of the poloidal field by disk motion then results in destruction of the existing toroidal field. As the toroidal field decreases, dissipation becomes important in the poloidal equations and the poloidal field intensity decreases. The drop in magnetic energy is accompanied by an increase in kinetic energy due to reduction in Lorentz forces. The disk is again driven in the normal direction. When driven sufficiently energetically, the cycle produces growing oscillations.
Oscillations of the sort described above can occur in nonreversing systems (as in Bullard's early dynamos). It is also necessary for the fields to be out of phase for reversals. If the poloidal field does not lag the toroidal field, then a drop in toroidal field will result in an immediate drop in the destructive action of the poloidal field on the toroidal field. The resulting ohmic decay of the magnetic fields is insufficient for reversal. With a poloidal phase lag, however, the toroidal field can actually reverse when the disk does. In this situation, the poloidal field is driven in the opposite direction and reversal occurs. The reversed fields are then amplified by the aw mechanism and the cycle repeats.
The reversal mechanism described above is reminiscent of hydromagnetic oscillations used by Hide (17) distribution of convective eddies. The sharp variations in reversal frequency which occur on a time scale of io0 years (18) must then be attributed to changes in core properties. Our studies of the disk dynamo suggest an alternative explanation.
In the model we consider, toroidal field is created by the stretching of poloidal field lines through differential rotation or zonal shear flow. To complete the cycle, cyclonic distortion of the toroidal field [through G(B) in the mean field equations] is required to reinforce the poloidal field. Although the principal dynamic balance in the earth is thought to be of the Lorentz, Coriolis, and pressure forces, the time dependence of zonal shear is not reflected in this static balance. Changes in angular momentum tend to be dissipated by viscosity (a small effect in the earth) and by back reactance of the magnetic fields. Hence, an increase in azimuthal angular momentum will result in an increased production of toroidal field by distortion of the poloidal field and then of poloidal field from toroidal field. As the magnetic fields intensify, the Lorentz force opposing the differential rotation does also. If the back reactance is too strong, overcompensation will result in a deficit of angular momentum or a net differential rotation in the opposite direction. For a given poloidal field the sign of the differential rotation determines the direction of the toroidal field. This deficit will therefore drive the toroidal and then the poloidal field in the opposite direction. If the overcompensation were sufficient, actual field reversals could occur. This concept of reversal is different from previous proposals in that the underlying process which produces the local surplus of angular momentum can be steady. Reversal is then a consequence of an instability which arises as the system attempts to smooth out local anomalies in the azimuthal angular momentum. An attractive feature of the present proposal is that nonuniformities in reversal frequency are a consequence of the suberiticality of the instability.
The earth is a rotating sphere consisting of a solid metallic inner core and a molten conducting outer core which is surrounded by a weakly conducting solid shell. The mean field equations for the velocity (u) and the magnetic field (B) in the fluid core are taken to be: (r,O,() are spherical coordinates, k is a unit vector along the axis of rotation, t is the magnetic diffusivity, and F is an unspecified body force. In the present study, the underlying small scale field is assumed to be statistically steady, and the net effect of the small scale motions reinforcing the large scale fields is represented by a, a scalar function of the small scale velocity. [Any G(B) in the mean field equation which permits the poloidal field to be driven by toroidal field will have the same effect.]
Most known small scale processes produce an a which is antisymmetric with respect to the equatorial plane. In the following, overbar designates the +-average. ( ) denotes the volume average over a spherically symmetric active region (V) of the dynamo which is bounded by the surface S. a is zero outside of the active region. u, the normal component of B, and the tangential components of the electric field are continuous on S. In addition, it is assumed that no radial fluid exchange can occur across S. Several configurations are allowed under these assumptions. V could consist of the entire outer core with S comprised of the core-mantle or the inner-outer core boundary or both. Kennedy and Higgins (19) have suggested that part of the outer core may be stably stratified. In this situation, V would consist of the unstable portion of the outer core, and no radial fluid exchange could occur across the boundary between stable and unstable stratification.
The poloidal magnetic field is essentially dipole, and the heavy weighting of the low harmonics has not changed significantly through the history of reversal. This observation indicates that the strong nonlinear interactions in reversal are dominated by the low order moments of the velocity and the magnetic fields. Because the most reliable information about the geodynamo is provided by the normal (poloidal) field, the selection of moments is designed to represent the poloidal field equations as accurately as possible. From the magnetic divergence equation, the 4-averaged poloidal field can be expressed in terms of a single scalar function A(r,O,t): BRW =V X (iOA).
Then the dipole projection of A is chosen to represent the poloidal field.
Although the toroidal field cannot be measured directly, Bp must be predominantly antisymmetric about the equatorial plane, given the symmetries of a and A. An antisymmetric weighting function is required in volume averaging the toroidal field. The principal energy source for the poloidal field is provided by the coupling aB4. If the large scale meridional circulations are small, then aBo is dipole when A is. In keeping with efforts to preserve the poloidal equation, the dipole projection (ra B0 sin 0) is chosen to describe the dynamic behavior of the toroidal field.
Rotation strongly influences core dynamics, and the importance of the large scale meridional circulations is believed small compared with that of the zonal flow due to geostrophic constraints. The large scale circulation is then predominantly zonal and symmetric in z. Of the possible low order moments of the azimuthal velocity, we select the angular momentum about the axis of rotation as argued above.
A number of energy sources have been proposed for the geodynamo. Despite the reservations of Kennedy and Higgins that part of the outer core may be stably stratified, convection remains the most attractive possibility. Busse (20) has, in fact, shown that convection in a rotating spherical shell heated from within generates a steady secondary azimuthal flow corresponding to T, the external torque in the disk dynamo. Precession, another possible driving mechanism, can also induce a secondary azimuthal flow. In this model, an averaged time rate of change of angular momentum is produced by a small rectified zonal flow and counterbalanced by a portion of the Lorentz force. is consistent with the view that magnetic diffusion is balanced by the creation of toroidal field through differential rotation.
Our principal dynamic assumption is that due to rotational constraints Urn, the characteristic large scale meridional flow speed, will be considerably smaller than U although the small scalemeridional flows are vigorous. If Rm Urm/U << 1, then
Under this ordering there is a one-to-one correspondence between the terms in the averaged moment equations and those in the equations describing the reversing disk dynamo. A closure which retains this identification can be obtained through separation of variables or truncation of a spherical harmonic ex-pansion. Such a truncation avoids pitfalls of finite closures such as negative energy, because the resulting equations describe a realizable system. More importantly the identification suggests that the reversal mechanisms of the earth and the disk dynamo are similar. Conclusion In the disk dynamo the toroidal and poloidal fields are out of phase prior to reversal. The disk reverses direction forcing the toroidal field to change sign. This, in turn, causes a poloidal field reversal via the alpha effect. In making an identification of homogeneous dynamos with the simple model, it must be remembered that the disk dynamo has only 3 degrees of freedom. An electromotive force is induced by the motion of the disk relative to the coil, and a change in direction of this electromotive force can only be accomplished by a disk reversal. In the continuous model, a change in the direction of such spatial gradients can be induced by back reactance in regions of intense magnetic fields. As the direction of relative differential rotation changes, a reverse toroidal field is induced by the distortion of poloidal field. The action of the alpha effect on this toroidal field drives the poloidal field in the opposite direction causing oscillations in field intensity and reversal. Our studies of the disk dynamo have shown this to be a viable mechanism for reversal. Furthermore, the time distributions of reversals in the simple model bear a marked similarity to the paleomagnetic data. The nonuniformity in the time distribution of oscillations between reversals is a consequence of the subcritical dynamo instability. These similarities are strong evidence that reversal is an intrinsic property of the large scale hydromagnetic process and not a result of variations in core properties or unphysical configurations. The model developed above is a first step in understanding the mechanism of reversal. In reality, there must be some interaction between low and high harmonics and we cannot expect this simple model to clarify such features as tipping or secondary waves. More sophisticated modelling procedures must be used to evaluate the higher order effects.
Numerical integration of the mean field equations could ultimately provide verification of this mechanism. However the kinematic simulations performed to date are unsuitable for comparison as the mechanism involves angular momentum transfer via the interaction of the large scale magnetic fields.
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